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Summary
The self-incompatibility (S-) locus region of plants in
the Brassica family is a small genome region. In Arab-
idopsis lyrata, the S-genes, SRK and SCR, encode the
functional female and pollen recognition proteins,
which must be coadapted to maintain correct associ-
ations between the two component genes, and thus
self-incompatibility (SI). Recombinants would be self-
compatible and thus probably disadvantageous in
self-incompatible species [1, 2]. Therefore, tight link-
age between the two genes in incompatibility systems
is predicted to evolve to avoid producing such recom-
binant haplotypes [3]. The evolution of low recombi-
nation in S-locus regions has not been rigorously
tested. To test whether these regions’ per-nucleotide
recombination rates differ from those elsewhere in
the genome, and to investigate whether the A. lyrata
S-loci have the predicted effect on diversity in their
immediate genome region, we studied diversity in
genes that are linked to the S-loci but are not involved
in incompatibility [4] and are not under balancing se-
lection. Compared with other A. lyrata loci, genes
linked to the S-loci have extraordinarily high polymor-
phism. Our estimated recombination in this region,
from fitting a model of the effects of S-allele polymor-
phism on linked neutral sites, supports the hypothe-
sis of locally suppressed recombination around the
S-locus.
Results and Discussion
Balancing selection maintains many different S-alleles
for long evolutionary times [5, 6], and the Arabidopsis
lyrata SRK locus [7–9] has high allelic and nucleotide
diversity, as expected. Recombination should lead to
decreasing neutral diversity with distance from the se-
lected genes, as occurs in MHC loci [10], but if the
S-locus and surrounding regions have restricted re-
combination, as predicted, diversity could remain high
at neutral loci across the region [9, 11–16], providing an
approach to test the prediction. Elevated diversity
close to a gene under balancing selection is due to link-
age disequilibrium (LD) in the region; variants arising in
one functional class of S-allele will remain associated
with that allele until recombination breaks down the as-
sociation, a process that will occur slowly for closely
linked sites [17]. If many alleles are maintained, theoret-*Correspondence: deborah.charlesworth@ed.ac.ukical models of balancing selection predict that very high
diversity can be found in the nearby genome region [15,
16]. If recombination is suppressed, the region could
be extensive [18].
To test whether these effects are detected, we esti-
mated nucleotide polymorphism in a natural A. lyrata
population by sequencing four genes flanking the
S-loci, with functions unrelated to incompatibility [4].
Several genes are located in the region flanking the
S-loci in A. lyrata and in the orthologous region of the
long arm of A. thaliana chromosome 4 (in A. thaliana,
the S-loci are pseudogenes; see [4, 19]). Two A. lyrata
S-locus haplotypes have the same gene content as
A. thaliana, but with different sizes and organizations
of the region [4]. We studied diversity in genes B70,
B80, B120, and B160 (Table 1), two on each side of the
S-loci [4]; these genes are in the same order in two
A. lyrata S-locus haplotypes and in A. thaliana.
The putative alleles of the sequenced genes coseg-
regate with parental SRK alleles (Table 2) and with an-
other nearby locus, the ortholog of the A. thaliana ARK3
gene (J. Hagenblad, personal communication). This es-
tablishes that all four loci we studied are linked to the
S-locus and are single copies in the A. lyrata genome
(see Experimental Procedures).
All four flanking loci had polymorphisms in the re-
gions sequenced, including indels (see Figure S1 in the
Supplemental Data available with this article online).
For three loci, B120, B80, and B70, all plants were het-
erozygotes (some plants initially appeared homozygous
as a result of nonamplification of some alleles, but new
primers amplified second alleles in these plants), and
all but two were heterozygous for B160. Nucleotide di-
versity was extremely high for the two genes closest to
the S-loci, B80 and B120 (Figure 1), with lower values
in the two more distant loci. Synonymous-site diver-
gence, Ks, from A. thaliana was, however, similar for all
genes and was similar to values for other genes;
average estimates for European A. lyrata populations
are 0.135 [20] and 0.154 [21]. Thus, the S-flanking
genes’ high diversity cannot be attributed to unusually
high mutation rates.
Hudson-Kreitman-Aguadé (HKA) tests confirm signif-
icantly high diversity of the S-flanking genes. The null
hypothesis that all loci have similar polymorphism
levels is rejected against a nested model with the four
S-flanking loci being unusually polymorphic (p < 0.001),
or with just B80 and B120 differing from the other loci
(p < 0.001). These tests assume no intralocus recombi-
nation; they also assume linkage equilibrium between
loci [22], which is valid for the reference loci (unlinked to
the S-loci). Diversity differences between the four loci
flanking the S-locus region are, however, nonsignificant
by a multilocus HKA test. This is not surprising because
the physical distances between the closer and more
distant loci in each flanking region are minor compared
with the distances of these genes from the nearest
S-locus (Figure 1). Pairwise tests between individual
loci suggest significantly (p < 0.05) lower polymorphism
at B160 than B80 or B120 for all site types.
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1774Table 1. Genes Studied and Primers Used to Amplify and Sequence Them
Estimated Distance
Position on Length (bp), (kb) from Closest
A. thaliana Including S-Locus (Indicated
Locus Primers Chromosome 4 Putative Function Introns in Parentheses)
B70 F: GAAGAATTCGACACTACGGGAG At4g21340 Ethylene-responsive 1050 44 (SCR)
protein related
R: CATCATGGAGGACAGAAGCA
B80 F: GAATCAGCAGCTTCAACCAAA At4g21350 U box domain protein 720b 39 (SCR)
R: GTTATCCTCCAATCGGGTCATAC
Rba: GTCCCAACACTTCCACTGCT
B120 F: GATCTTAGGATCCACAAGCTCCTC At4g21390 S-locus lectin protein 825 28 (SRK)
kinase
R: CTCGAAGATGGACGTGAGATAG
B160 F: CTCTTTCCTCTCCCTCAAACTC At4g21430 transcription factor 1110 50 (SRK)
R: CAATCTAGTAGTAGCGACAGCC
The distances were estimated from the closest S-locus in any haplotype so far studied, and with the assumption that, in SRK, balancing
selection acts only on sites in the S-domain.
a This reverse primer (from [18]) was used to amplify alleles that did not amplify with the initial reverse primer.
b No introns present.comparing models M0 and M3, we found that three
Table 2. Results of Tests for Linkage of the Flanking Genes to S-Alleles
Loci Flanking S-Locus RegionS-Locus Number of
Alleles Progeny B70 B80 B120 B160
Family 12
Restriction enzymes DdeI ApoI BsrGI RsaI
Parent 1 alleles S1 28 − − − −
S38 31 + + + +
Restriction enzymes BclI HaeII MboI −
Parent 2 alleles S9 38 − + − not determined
S14 21 + − + not determined
Family 14
Restriction enzymes DdeI ApoI BsrGI RsaI
Parent 1 alleles S1 14 − − − −
S38 19 + + + +
Restriction enzymes RsaI DdeI MseI DdeI
Parent 2 alleles S1 15 − − − −
S25 18 + + + +
Restriction enzymes were used to genotype progeny in two families. In the column for each locus, + indicates presence of an allele that is
digested by that restriction enzyme, and − indicates the absence of the restriction site.
tions [25]. A recent analytical model studied the effectThis genome region is also highly polymorphic in the
closely related inbreeding plant, A. thaliana [19], whose
mean species-wide synonymous-site diversity is below
1% [23, 24]. One locus studied here, the U box gene
B80, has extremely high synonymous diversity (0.061,
see [19]), consistent with elevated diversity in this gene
in A. lyrata being due to linkage to the S-loci. After the
loss of self-incompatibility in A. thaliana, balancing se-
lection would have ceased at the S-loci, and any re-
maining variation at sites that recombine with the gene
causing loss of incompatibility should slowly decrease
toward this species’ equilibrium level, under genetic
drift. A. thaliana may not have been inbred for long
enough for this to have happened [19].
High diversity at the loci studied might be due to bal-
ancing selection acting on these loci themselves. How-
ever, likelihood-ratio tests do not support diversifying
selection. For all loci, selection model M8 (see Experi-
mental Procedures) fits the data no better than M7. By
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eenes also give no evidence for heterogeneous substi-
ution rates; this analysis was significant (p = 0.001) for
80, but the estimated ω values (0.49 for 22% of the
ites, and ω = 0.00001 for the remainder) suggest puri-
ying, not diversifying, selection. We conclude that high
iversity at loci in the S-locus region is due to linkage
o the S-loci.
stimating Recombination Rates
ilent-site diversity in the flanking loci is much lower
han that in the SRK locus [9], suggesting some recom-
ination in the S-locus region (Figure 1). Established
ecombination estimation methods cannot be used be-
ause of balancing selection at the nearby S-genes. We
herefore estimated rough recombination rates by using
xpected diversity levels at neutral sites affected by
inkage to an S-locus (see Experimental Procedures).
xtremely close sites can accumulate differences to an
xtreme degree, as between a set of isolated popula-
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1775Figure 1. Diversity of S-Flanking Loci, and Silent-Site Divergence
from Their A. thaliana Orthologs
Approximate distances from the closest S-loci are shown below
the graph. The bars show nucleotide diversity (%, left-hand y axis)
for synonymous, nonsynonymous, and noncoding (intron) sites for
each of the four genes, except that B80 has no introns; numbers
of sites of each type are shown for each gene. Estimates of silent-
site divergence from the A. thaliana orthologs are shown as pale
gray bars (divergence with Jukes-Cantor correction for saturation,
right-hand y axis).of frequency dependence at a gametophytic self-
incompatibility gene on diversity at closely linked neu-
tral sites [16]; for large recombination rates, R = 4Ner (r
is the recombination rate per nucleotide), this model
predicts diversity lower than the background level, and
the distance at which its predictions are accurate is un-
known. It has been applied to the Nicotiana alata
S-locus region [16], but without physical map informa-
tion for this region, or data on levels of diversity for
non-S-loci, only the recombination/mutation rate ratio
(R/θ) can be estimated.
In A. lyrata, with known distances between S-locus-
region genes, we can estimate a maximum crossover
rate per nucleotide, given the number of S-alleles in the
population (n); because at least 30 A. lyrata S-alleles
are currently known [7, 26], we assumed 51 for our pop-
ulation. Assuming the neutral mutation rate  = 1.5 ×
10−8 (see Experimental Procedures), this yields roughly
1 cM per 6 Mb. The fit of the model is shown in Figure
2. Our analysis overestimates r per nucleotide (with 21
alleles, one cM corresponds to about 14 Mb, and a
lower mutation rate also increases this). Our estimate
is rough because physical maps for only two A. lyrata
S haplotypes (a and b of [4], i.e., S-alleles 13 and 20,
respectively, of [7]) are currently available. Neither of
these is found in our study population, and distances
could differ somewhat in other S-haplotypes, but it is
clear that our crossover rates are low; in other studied
plant noncentromere regions, 1 cM generally corres-
ponds to less than 1 Mb [27]. For the A. lyrata popula-
tion studied here, the crossing-over rate is estimated
to be at least 1 cM per 1.7 Mb [28], but even a lower
rate than this fits the observations poorly (Figure 2).Figure 2. Diversity of S-Flanking Loci in A. lyrata Orthologs
The diamonds show, on a log scale, observed synonymous-site
diversity θR, relative to the mean for reference loci (θ0), for six genes
in the A. lyrata S-locus region. We assumed a distance of 1 kb
for the SRK kinase domain whose diversity has been estimated
previously [9] and 20 kb for the ARK3 ortholog (Aly8 of [8]). Aly8 is
duplicated in some haplotypes, so the diversity cannot be esti-
mated without knowing from which locus the sequences come; we
therefore show upper and lower estimates. The upper value as-
sumes that they are all from one locus, and the lower diversity
assumes two loci between which sequence exchanges are so com-
mon that they behave like a single locus with double the actual
effective population size. The red circles and line show neutral di-
versity values predicted from equation (21) of [16], assuming the
approximate recombination rate for the region estimated from our
data with the regression approach (see Experimental Procedures)
and 51 S-alleles. Because the regression including all loci does
not indicate a statistically significant effect of distance, one 95%
confidence interval suggests no recombination; the other confi-
dence interval yields 2.9 cM/Mb. The blue circles and line show
predicted neutral diversity assuming 1 cM/2 Mb.To estimate recombination without assuming a known
allele number, we also fitted the equation [11, 29]
p
p0
= 1 +
1
R
where π is the nucleotide diversity expected at a site
recombining at rate r with the locus under balancing
selection (equivalent to θR in the model above), and
where π0 is the diversity level in the genetic background
(not affected by linkage to a locus under balancing se-
lection, equivalent to θ in the model). This simplified
model does not explicitly model selection but approxi-
mates it by assuming two alleles held at intermediate
frequencies in the population. This model yields even
lower recombination rates than estimated above.
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here (A. Kawabe and D.C., unpublished data), we ge-
netically mapped the S-locus to the middle of the long
arm of chromosome 7 [30–32], as expected from the
A. thaliana map. This region’s recombination rate should
therefore be higher than the genome-wide average. Our
results thus support locally suppressed recombination,
in a region of unknown extent. There is no reason to
suspect low recombination in this arm of chromosome
7 for some other reason, unrelated to the presence of
the S-loci. A. thaliana chromosomes carrying nucleolar
organizers have less recombination than other chromo-
somes [33], but this A. lyrata chromosome does not
carry such a locus. Overall, we conclude that unusually
tight genetic linkage of the flanking genes to the S-loci
is the only possibility that can adequately explain the
high diversity we observe.
Experimental Procedures
Plants were grown from seeds collected from Esja mountain, near
Reykjavik, Iceland [7–9, 28]. DNA was extracted from leaves of
A. lyrata plants with the FastDNA kit (Bio 101, California).
Loci were chosen from the A. thaliana genome (www.arabidopsis.
org). Primers (Table 1) were designed with the published sequence
of A. thaliana BAC T6K22 and BLASTed against the whole genome
to ensure that primer combinations were unique. PCR-amplification
conditions were as follows: 94°C for 3 min followed by 30 cycles of
94°C for 30 s, 55°C for 30 s (annealing), and 72°C for 60 s followed
by 10 min extension at 72°C, except for B70 (annealing temperature
57.5°C). PCR products were purified with QIAquick PCR purifica-
tion kit (QIAGEN) and cloned with TOPO TA (Invitrogen, San Diego),
and at least five clones were sequenced on an ABI 377 automatic
sequencer with Dyenamic (Amersham Biosciences). On the basis
of at least two sequences from each of two independent PCR reac-
tions, after manual checking with Sequencher (Gene Codes Corpo-
ration), at most two sequences were found in each individual. The
sequences are thus alleles at one locus.
Segregation Analysis
To test for cosegregation of flanking locus alleles with S-alleles, we
studied two families with known parent and progeny S-allele (SRK)
genotypes [34]; one parent is common to both families. We inferred
the alleles associated with each S-allele in each parent, for all four
flanking genes (i.e., the linkage phase of the five-locus parental
haplotypes), by using restriction enzymes chosen to generate
banding patterns distinguishing the parental alleles within each
family (Table 2). One allele of each parent was scored, and the other
was inferred. Parent 2 of family 12 was homozygous at locus B160
(the alleles associated with S9 and S14 are identical in sequence
and are found in all progeny).
Polymorphism and Divergence Analysis
Sequences from our natural population sample were aligned with
Clustal X v. 1.81 [35] with the default conditions and manually ad-
justed in BioEdit [36]. Intron-exon boundaries were determined af-
ter alignment with cDNA sequences of the A. thaliana orthologs of
B70, B120, and B160 (B80 has no introns). Nucleotide diversity
among the A. lyrata alleles and divergence from their A. thaliana
orthologs were estimated by Nei and Gojobori’s method [37], with
DNAsp v. 4.0 software [38].
PCR products were obtained from nearly identical samples of
plants. Most individuals were heterozygotes. No deviations from
Hardy-Weinberg equilibrium were detected, with Arlequin software
[39]. For diversity analyses, the sequence from apparent homozy-
gotes was entered twice (thus, diversity may be underestimated, if
divergent alleles did not amplify because of variants in the primer
sites).
To test the significance of diversity differences, we did HKA tests
[22] comparing polymorphism within A. lyrata with divergence from
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Uhe orthologous A. thaliana sequences. Multilocus tests were con-
ucted with the HKA program (http://lifesci.rutgers.edu/wheylab/
eylabSoftware.htm). Nested tests with maximum likelihood (MLHKA,
40]) were used on an A. lyrata dataset with the four S-flanking loci
nd 17 other loci from the same population, all on chromosome 1
f A. thaliana (A. lyrata chromosomes 1 and 2, see [30, 40]).
ests for Diversifying Selection
o test for selection maintaining polymorphism in the S-flanking
enes, we tested ratios of nonsynonymous (dN) to synonymous (dS)
ucleotide substitutions (dN/dS, or ω) for heterogeneity among
odons [41, 42]. Maximum-likelihood estimates of ω for different
odons were obtained with the codeml program in the PAML 3.0
ackage [42]. This test is intended for analysis of divergence of
rthologous sequences from different species, and thus it assumes
o recombination between the sequences; if recombination is rare,
t can be used for our sequences, even though they are from a
ingle species. The M7(β) model allows sites to have ten different
values (between 0 and 1) from a β distribution, and thus it pro-
ides a null model for testing for diversifying selection by compar-
ng with model M8, which has an additional category of sites whose
value can exceed unity [43].
stimating Recombination
e estimated the recombination rate for the A. lyrata S-locus re-
ion by fitting our diversity data to an explicit model of diversity at
ites at different distances from an S-locus [16], assuming gameto-
hytic incompatibility and equal frequencies of all S-alleles. Incom-
atibility in A. lyrata is a sporophytic system, probably with unequal
llele frequencies, because recessive alleles will often, but not in-
ariably, be most frequent [44–46]. This model includes hitch-hiking
vents that occur when functionally new alleles spread, increasing
he frequency of a haplotype very similar to a pre-existing one and
hus lowering genetic diversity [16]. However, if alleles are main-
ained for very long evolutionary times (i.e., turnover is extremely
are), this effect should be slight [16], and sporophytic incompati-
ility should affect diversity similarly, so this model can be used for
. lyrata populations, with many S-alleles [7, 26].
Given the uncertain distances, maximum-likelihood estimation
16] is unjustified. Instead, we used equation (21) of [16] to esti-
ate R:
θR
θ0
=
1
R
2(n−1)
+
1
f
For each flanking gene, we used our diversity estimates as val-
es of θR in the equation, and the estimated silent-site nucleotide
iversity for the A. lyrata study population (0.0127) was used as the
alue of diversity for unlinked loci (θ0); this value is based on 22
on-S-locus genes, excluding PgiC, which has exceptionally high
iversity [28, 47]. f is the multiple by which diversity at the selected
ite is increased compared with the population’s θ value. Conserva-
ively, we used a value of 50, based on synonymous-site diversity
n the SRK S-domain, which is too high to estimate accurately [9];
maller values yield lower r estimates. To estimate r (=R/4Ne) per
b for the region, assuming n S-alleles, we regressed 2(n − 1)(θ0/
R − 1/f ) against distances from S-loci (proportional to r) and used
= 1.5 × 10−8 estimated from divergence from orthologous A. thali-
na sequences [28] to estimate 4Ne (θ = 4Ne).
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